Abstract Germline stem cells (GSCs) play an indispensable role in establishing the fertility of an organism. The isolation and culture of adult female GSCs (FGSCs) have provided a robust foundation to study the development of female germ cells in rodents. However, many problems still need to be identified, such as the origin and location of FGSCs and the specific markers for screening. In this study, we acquired FGSCs that stably expressed Oct4 from Oct4 promoter-GFP transgenic mouse ovarian surface epithelium and cortical layer, and identified the cells possessing the representative features including the expression of GSCs marker genes and the potentiality of differentiation into all three germ layers in vitro. Moreover, rapamycin was confirmed to promote proliferation of mouse FGSCs and inhibit the differentiation capability in vivo. In addition to the reported disinfection function, rapamycin inhibited the activation of primordial follicles, as the inhibitor of mechanistic target of rapamycin pathway. These results will contribute to the study on folliculogenesis or oogenesis mechanism and have important implications on developing new technology and therapeutic approach in medicine for premature ovarian failure, infertility and even ovary remodelling in future.
Introduction
Germline stem cells (GSCs) are essential for genome delivery during sexual reproduction. In spite of unipotency, GSCs have a unique capability to generate female gametes successively. Oocytes production in women and in most female mammals only occurs in the foetal period and lost after birth, due to reduction in the number of oocytes (Peters 1970; Green and Zuckerman 1951) , because GSCs enter meiosis before birth and are blocked in the diplotene of meiotic I phase (Bland et al. 2003; Inoue et al. 2011; Mitchell et al. 2010 ). However, this classical theory has been challenged by recent studies in which FGSCs with self-renewal and differentiation potential have been discovered in ovaries of many kinds of adult mammals, such as humans, mice and rats (Johnson et al. 2004; White et al. 2011; Zhang et al. 2011; Zhou et al. 2013) . Moreover, the balance between self-renewal and differentiation of FGSCs is regulated by a complex network that includes intrinsic and extrinsic factors (Bukovsky 2011) . Further research has demonstrated that mouse FGSC lines generated in vitro could undergo oogenesis and give rise to offsprings once transplanted into ovaries of infertile mice (Pan 2014) . These findings have important scientific value and significance in preventing and curing premature ovarian, infertility and other ovarian diseases. However, the underlying mechanisms that regulate the identity of FGSCs remain unknown (Zhang et al. 2016) . Therefore, more attention is needed to clarify the mechanisms that maintain the unipotent and undifferentiated state of FGSCs, which is pivotal for understanding GSC biology.
Rapamycin, a lipophilic macrolide compound produced by the bacterium Streptomyces hygroscopicus, which was isolated for the first time in the 1970s in a soil sample (Vézina et al. 1975) , has an inhibitory effect on cell mitosis by blocking cell signaling (Chung et al. 1992) . It is the most potent immunosuppressive agent in the treatment of organ transplant rejection and autoimmune diseases (Harrison et al. 2009 ). In 2009, a study showed that such drugs can prolong the life span of yeast, nematodes, fruit flies and other invertebrates (Harrison et al. 2009 ). Moreover, rapamycin was found to have anti-aging properties and could extend the life span of mice up to 10-15% by regulating the activation of primordial follicles and developmental differentiation (Adhikari et al. 2010; Dou et al. 2017) . Mechanistic target of rapamycin (mTOR) is common in mammals as an evolutionarily conserved 289-kDa serine/threonine kinase regulating the processes of multiple cellular functions, such as translation, cell growth, proliferation, and metabolism (Fingar and Blenis 2004; Laplante and Sabatini 2009; Sonenberg and Hinnebusch 2011) . In mammals, the mTOR kinase interacts with several proteins to form two functionally distinct multiprotein complexes, namely, mTOR Complex 1 (mTORC1) and mTOR Complex 2 (mTORC2) (Ryskalin et al. 2017) . Studies have shown that mTORC1 is mainly involved in cell growth and proliferation in response to energetic and nutritional conditions (Haissaguerre et al. 2014) . Activation of mTORC1, results in increased protein synthesis and cell survival by direct phosphorylation of its effectors, such as the ribosomal S6K1, and further promotes cell growth, proliferation, and metabolism, and tumorigenesis (Laplante and Sabatini 2009; Wullschleger et al. 2006) . Rapamycin is an allosteric inhibitor of mTORC1, which leads to the inhibition of one serine/threonine kinase of the phosphoinositide kinase-related kinase (PIKK) family (Hay and Sonenberg 2004) . In 2008, mTORC1 has been shown to regulate the activation and differentiation of primordial follicles. Increasing mTORC1 activity can lead to premature follicular depletion and eventually cause premature ovarian failure in adult mice (Adhikari et al. 2009 (Adhikari et al. , 2010 . Recent studies have shown that mTOR can also be used to calorie restriction to slow the aging process (Blagosklonny 2010) , and the mTOR signal pathway may be involved in the initiation of puberty and the extension of the life cycle (Roa and Tenasempere 2010; Santos et al. 2011) . Thus, we can hypothesise that rapamycin is strongly related to proliferation, differentiation, self-renewal and delayed aging of ovarian germ cells.
Materials and methods

Animals and animal experimental protocol
All experiments were performed on healthy adult female (1 month old) Oct4-GFP transgenic (OG2) mice or ICR mice weighing 25 ± 1 g. The mice were obtained, respectively, from the National Laboratory Animal Center of Nanjing University and the Fourth Military Medical University. The mice were housed in plastic cages at 25°C, 12 h light-dark cycle and free feed. All procedures were performed under the supervision of the Chinese Association for Laboratory Animal Science, and were approved by the Shaanxi Centre of Stem Cells Engineering and Technology, Northwest A&F University. For the in vivo experiment, fifty age-matched ICR mice were randomly separated into two groups (25 per group): Control group received vehicle injection (DMSO), the experimental group received rapamycin. Specifically, rapamycin, diluted in DMSO to 1 mg/ml, was injected intraperitoneally at 5 mg/kg body weight of mice every 2 days. DMSO used in this step was diluted in physiological saline to the concentration of 2%. After 1 month, all mice were sacrificed by vertebra dislocation after 4 mg/g averdin abdominal injection to collect their ovaries from rapamycin-treated group and control group and their body and ovarian weight were recorded.
Isolation and enrichment of mouse FGSCs
FGSCs were obtained from OG2 mouse ovaries via one-step digestion. Concretely, ovarian tissue was placed in a Petri dish with CDD liquid containing 2 mg/ml collagenase type IV, 2 lg/ml DNase I and 2 mg/ml trypsin (Invitrogen, Carlsbad, CA, USA), and incubated at 37°C, 5% CO 2 and saturated humidity for 50 min and pipetted every10 min to facilitate digestion. 100 ll fetal bovine serum (FBS; Hyclone, Logan, UT, USA) was added to the tube for ending digestion, and the rest of the ovarian tissues were picked out. Then a single-cell suspension was obtained through gently washing with a-Dulbecco's Modified Eagle's Medium (a-DMEM, Gibco, Grand Island, NY, USA) and was plated on a culture dish containing irradiated mouse embryonic fibroblasts (MEFs) that were obtained from ICR fetuses (13.5 days postcoitum) .These cells were called FGSCs. Concurrently, the remaining tissues were cut into pieces, digested with 0.25% trypsin (W/V) and inoculated to the culture dish using the same method. These tissues were marked as Remains. The fresh medium was replaced after 1 day, the cells were cultured for 7 days, and then the colonies were detected and collected through 1 mg/ml collagenase type IV (Sigma-Aldrich, St. Louis, MO, USA). Then, FGSCs were replated into 24-well culture plate containing MEFs and passaged at about 1 week at a ratio of 1:3.
FGSCs were cultured with a-MEM complemented with 10% FBS (Hyclone), 2 mM L-glutamine (Merck), 1% non-essential amino acids (Invitrogen), 0.1 mM 2-mercaptoethanol (Sigma-Aldrich), 10 ng/ ml of mouse epidermal growth factor (EGF; Invitrogen), 1 ng/ml of human basic fibroblast growth factor (bFGF; Tebu-bio, Shanghai, PRC), 40 ng/ml of human glial cell line-derived neurotrophic factor (GDNF, Peprotech Inc. Rocky Hill, NJ, USA), 5 lg/ ml of insulin, 20 lg/ml transferrin factor, 1 mM sodium selenite, 60 lM putrescine and 10 ng/ml LIF (Peprotech Inc.), 100 U/ml penicillin and 100 mg/ml streptomycin (Invitrogen).
With the same method, FGSCs were isolated, respectively, from the ovaries of ICR mouse injected with rapamycin or DMSO.
In vitro differentiation of FGSCs
FGSCs were suspended in DMEM (Invitrogen) supplemented with 20% FBS, 2 mM L-glutamine, 0.1 mM nonessential amino acids, 0.1 mM 2-mercaptoethanol, 1 mM sodium pyruvate (Invitrogen), 100 U/ml penicillin and 100 mg/ml streptomycin. Cell clusters formed after 3 days, and then were transferred to 0.1% gelatin-coated (Invitrogen) Petri dishes for 5-7 days to further spontaneous differentiation into adipocyte, osteoblast and cartilage. After differentiation, the formed EBs were collected according to the previously reported method (Hua and Zhu et al. 2011; Wang et al. 2014) , and were detected the marker genes of three germ layers were detected via immunofluorescence staining, using the antibodies against NSE, PDX1 and Islet1 (Abcam, Shanghai, China) and the corresponding secondary antidodies (anti-rabbit IgG, 1:1000, Boster, Wuhan, China).
Immunofluorescence staining
The cells were fixed in 4% formaldehyde solution for 10-15 min, and treated with 0.1% Triton X-100 for 10 min, then blocked with 1% BSA for 30 min at RT. The cells were incubated in primary antibodies against PCNA (1:100, rabbit IgG, Chemicon, Temecula, CA, USA), VASA (1:200, rabbit IgG, Abcam), Oct4 (1:500, rabbit IgG, Sangon Biotech, Shanghai, PRC), c-Kit (1:200, rabbit IgG, Sangon Biotech), NES (1:100, rabbit IgG, Abcam), Desmin (1:200, rabbit IgG, Abcam) and Pdx1 (1:100, rabbit IgG, Sangon Biotech), overnight at 4°C. After washing three times with PBS, the cells were incubated with the corresponding secondary antibodies (anti-rabbit IgG, 1:1000, Boster) at RT for 1 h. Then, the cells were added Hoechst 33342 (1 lg/ml, Sigma-Aldrich) and incubated at RT for 5 min. Negative controls were added with conjugated secondary antibodies alone for staining. Images were captured with Evosf1 fluorescence microscope (AMG, Millcreek, Washington, USA).
Tissues were fixed in 4% (w/v) paraformaldehyde solution for 10 min, then washed in PBS, dehydrated in ethanol (70, 90, and 100%) and embedded in paraffin wax (Shanghai Specimen and model Factory, Shanghai, China). Ovary sections (5 lm) were rehydrated (xylene for 5 min; ethanol 100, 95 and 70%, each time for 5 min, washed in distilled water, and then subjected to immunofluorescence staining according to the method described above).
The processes of immunofluorescence and HE staining were performed following the instruction as described in our previous studies (Hua and Zhu et al. 2011 ).
Quantitative RT-PCR analysis
Total RNA was extracted from the 1st passage and 7th passage FGSCs, remains and ovaries using the TRIzol reagent (Thermo Fisher Scientific, Foster City, CA, USA) according to the manufacturer's program, and then was reverse transcribed using RevertAid Frist Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Real time-PCR analysis was performed under the ABI StepOnePlus PCR system (Thermo Fisher Scientific) using SYBR Premix ExTaq II (TaKaRa Bio, Otsu, Japan). The beta-actin expression was used as the housekeeping control. The expression levels of all target genes were normalized to b-actin. The comparative CT method was used to measure the relative gene expression. Primer sequences for qRT-PCR were listed in Table 1 .
Western blot analysis
Proteins were extracted from ovarian tissues of mouse that were administrated with rapamycin for 1 month, and the BCA Protein Quantification Kit (Vazyme, Piscataway, NJ, USA) was then used to detect protein concentration. The protein samples were denatured in 5% SDS-PAGE loading buffer, and separated by SDS-PAGE and transferred to PVDF membranes. Then, the samples were detected with b-ACTIN (1:2000; mouse IgG, Abcam), PCNA (1:1000, rabbit IgG, Chemicon), VASA (1:200, rabbit IgG, Abcam), mTOR (1:1000, rabbit IgG, Cell Signaling Technlogy, Danvers, MA, USA), p-mTOR (1:1000, rabbit IgG, Cell Signaling Technlogy). The secondary antibody was rabbit/anti-mouse IgG (1:1000; Boster). Protein blots were probed with the indicated primary antibodies and the appropriate secondary antibodies. The protein bands were visualized using the Thermo Scientific Pierce ECL Western blot substrate. The results were analyzed using a Bio-Rad imaging system 203 (Bio-Rad, Hercules, CA, USA) and quantified using Image J (V1.48d).
Statistical analysis
Statistical comparisons were performed through oneway ANOVA with Newman-Keuls multiple range 
Results
Isolation and enrichment of mouse FGSCs
In this study, we chose Oct4-GFP transgenic mice as the experimental animal, using Oct4 as specific expression marker of FGSCs. By observing the localization of GFP, FGSCs were found to exist mainly in the surface epithelium of ovarian and cortical layer (Fig. 1a) . Further, the whole ovary was digested with CDD liquid. And the surface cells, which proliferated with a bead-like structure, were obtained (Fig. 1b) . By selecting the single clone, Oct4-positive cells that stably expressed GFP were obtained and purified. These cells possessed proliferation capability and grew in clusters that resembled embryonic stem cell (ESC) colony (Fig. 1c) . In particular, the cells were seeded at a concentration of 10 5 cells/well in 35 mm cell culture dishes, and medium was changed every other day. After 4-5 days, the number of cells could be used for passage to enrich. In addition, cells could continue to grow normally after cryopreservation and recovery. This results suggested that mouse FGSCs were successfully isolated and enriched. Characterization of mouse FGSCs
To determine the biological characteristics of the obtained FGSCs, the expression of a series of molecules was detected through qRT-PCR and immunofluorescence staining (Fig. 2) . Most FGSCs stained positively for alkaline phosphatase (AP) (Fig. 2a) . These characteristics were similar to that of ESCs (Llinas et al. 2005) . The result of immunofluorescence staining showed that FGSCs which expressed pluripotency markers Oct4, germ cell marker Vasa and differentiation marker C-kit (Fig. 2b) . At the mRNA level, isolated FGSCs expressed pluripotent genes, such as Nanog, Oct4, Sox2, SSEA1 and differentiation gene VASA, proliferation-related marker CyclinD1 (Fig. 2c, d ). Moreover, compared with the remains of ovarian tissues, these genes were highly expressed in FGSCs (Fig. 2d) . Further, to detect whether the cell characteristics were stable after several passages, related-gene expression in the first and seventh passage of FGSCs was tested via qRT-PCR. These results indicated that the expression levels of genes mentioned above were significantly increased except Vasa (Fig. 2c) . Therefore, we concluded that FGSCs could maintain their characteristics well after several passages. The seventh passage of FGSCs had higher pluripotency and reproductive specificity than the primary generation after six generations of purification.
Differentiation potential of FGSCs in vitro
The differentiation potential of FGSCs was analyzed in vitro by mean of embryoid bodies (EBs) formation. FGSCs were suspended and cultured to form EBs, which then were plated on gelatin-coated dishes after 3 days (Fig. 3a) . Then the EBs were cultured for 5-7 days to differentiate spontaneously. Positive immunostaining for NES, Desmin and PDX1 demonstrated ectodermal, mesodermal and endodermal differentiation, respectively (Fig. 3b) . Moreover, the cells were also positive for DAZL and PLZF (germ cell markers) (Fig. 3b ). All these results suggested that the enriched mouse FGSCs have similar capabilities with that of spermatogonial stem cells (SSCs), embryonic stem cells (ESCs), and FGSCs were found to maintain the capability to differentiate into the three germ layers in vitro.
Effect of rapamycin on proliferation and differentiation of mouse FGSCs
As the inhibitor of mTOR pathway, rapamycin could restrain the activation of primordial follicles in the mouse ovary (Adhikari et al. 2009 (Adhikari et al. , 2010 . Thus, we attempted to explore the effect of rapamycin on the characteristics of mouse ovaries and FGSCs. First, to explore the effect of rapamycin on the ovaries, mouse ovaries tissue was extracted after 30-day rapamycin treatment. The weight and volume of the ovaries decreased in rapamycin-treated group compared with control group (Fig. 4a, b) . Further, aggregation of a large number of primordial follicles was also observed in rapamycin group (Fig. 4c) , suggesting that rapamycin inhibited primordial follicle development and was consistent with the results of previous studies (Zhang et al. 2013) . Then, the differences in the expression level related to proliferation and differentiation genes were examined. qRT-PCR results indicated that, in ovaries of rapamycintreated group and FGSCs isolated from them the expression level of proliferation-associated gene CyclinA and c-Myc were increased, whereas that of differentiation marker Zp3 were significantly decreased in the obtained ovaries, compared with control group (Fig. 5b) . Immunofluorescence staining of tissue sections showed that VASA and PCNA colocated in the cortex in the control group, whereas the cells were PCNA negative in follicular granulosa in the rapamycin group. No significant change was noted on VASA and PCNA expression in cortex, as shown in Fig. 5a . Western blot analysis results further showed that after 30-day treatment, with the inhibition of mTOR signaling pathways, rapamycin downregulated the expression of germ specific gene VASA in the mouse ovaries compared with the control group (Fig. 5c , and Supplementary Fig. 1 ).
These results suggested that rapamycin could promote proliferation, inhibit differentiation of mouse FGSCs.
Discussion
In this study, FGSCs with self-renewal and multilineage differentiation potential were isolated and enriched via Oct4-GFP tracing. Further, the effects of rapamycin on the proliferation and differentiation of mouse FGSCs were investigated.
Previous studies have shown that mouse FGSCs have the capabilities to proliferate normally and express germ-specific genes (Zou et al. 2009 ). All experiments were done at least three times. Data are presented as mean ± SD (n = 3). Statistical significance was expressed as follows: *P \ 0.05; **P \ 0.01; ***P \ 0.001
Cytotechnology (2018) (Pennetier et al. 2004 ), so other cell types might exist in the acquired FGSCs. In addition, Fragilis2 was also expressed in nerve cells. Thus, whether Fragilis could be a marker for identifying FGSCs was yet to be determined (Lange et al. 2003) . Therefore, stem cell marker gene Oct4 was selected. FGSCs were obtained successfully, and by digesting Oct4 promoter-GFP transgenic mouse OSE and cortical layer with CDD liquid, the characteristics of these cells were found to be still similar to those reported FGSCs (Zou et al. 2009 ). The obtained FGSCs possessed for the potential of pluripotency, proliferation and reproductive specificity. They expressed germ cell marker Vasa, and could be differentiated into all three germ layers in vitro. In addition, with the purification of FGSCs, the cells expressed higher pluripotency and reproductive specificity than the first generation. However, our results still lack data after long-time culture. Thus, further investigation is needed.
Current studies of rapamycin focus on inhibiting the activation of primordial follicles, while little is known about its effects on mouse ovarian and FGSCs (Tong et al. 2013) . In this study, mouse ovarian volume was significantly smaller and a large number of primordial follicles aggregated after rapamycin treatment, suggesting that rapamycin can inhibit primordial follicle development, which was in line with the results of a previous study (Zhang et al. 2013) . The results of quantitative PCR inferred that the expression of proliferation-associated genes c-Myc, and CyclinA increased in ovarian surface epithelium and cortex cells. By contrast, the expression of differentiation related gene Zp3 was downregulated in the whole ovary, implying that rapamycin could promote proliferation, inhibit differentiation in mouse ovary tissues and FGSCs. Based on the previous work, c-Myc is closely related to cell senescence by controlling the downstream target gene hTERT (Yamashita et al. 2014) . The upregulation of c-Myc indicated that rapamycin could inhibit the aging of mouse ovary, and that it could be found in the surface epithelium and superficial layer of mouse ovary. Klf4, a transcription factor, plays an important role in maintaining stem cell pluripotency. CyclinA could Fig. 4 Effect of rapamycin on the mouse ovaries. ac The comparison of mouse ovary weight (a), body weight (b) and HE staining (c) after treatment with rapamycin for 30 days. Date are presented as mean ± SD (n=20). Statistical significance was expressed as follows: **P \ 0.01 promote DNA replication and Zp3 is one of oocyte markers (Li et al. 2012; Yamashita et al. 2014; Khosravi-Farsani et al. 2015) . In addition, Oct4 and Sox2 often combine with the Nanog promoter and form a regulatory network (Rodda et al. 2005) . In this experiment, the expression of Sox2 and Nanog was lower in the rapamycin-treated group than in the control group, indicating that rapamycin might play a negative regulation role in the network mentioned above. , pluripotency marker genes (Klf4, Oct4, Sox2 and Nanog), and differentiation marker Zp3 in mouse FGSCs, and the whole ovaries. c The expression of VASA was detected by Western blot and quantified via Image J gradation analysis in rapamycin and control group. All experiments are repeated at least three times. Data were presented as mean ± SD (n = 3), and statistical significance was expressed as follows: *P \ 0.05
Based on these results, we summarized that rapamycin could promote FGSCs proliferation, inhibit their differentiation. Moreover, in our next study, several issues should also be discussed including whether FGSCs can repair damaged ovaries by constructing the model of ovarian injury, as well as the mechanism of rapamycin on mouse ovaries and FGSCs, which will bring a new prospect in delaying ovarian aging.
